Abstract Purpose: Colorectal cancer patients diagnosed with stage I or II disease are not routinely offered adjuvant chemotherapy following resection of the primary tumor. However, up to 10% of stage I and 30% of stage II patients relapse within 5 years of surgery from recurrent or metastatic disease. The aim of this study was to determine if tumor-associated markers could detect disseminated malignant cells and so identify a subgroup of patients with early-stage colorectal cancer that were at risk of relapse. Experimental Design: We recruited consecutive patients undergoing curative resection for early-stage colorectal cancer. Immunobead reverse transcription-PCR of five tumor-associated markers (carcinoembryonic antigen, laminin g2, ephrin B4, matrilysin, and cytokeratin 20) was used to detect the presence of colon tumor cells in peripheral blood and within the peritoneal cavity of colon cancer patients perioperatively. Clinicopathologic variables were tested for their effect on survival outcomes in univariate analyses using the Kaplan-Meier method. A multivariate Cox proportional hazards regression analysis was done to determine whether detection of tumor cells was an independent prognostic marker for disease relapse. Results: Overall, 41 of 125 (32.8%) early-stage patients were positive for disseminated tumor cells. Patients who were marker positive for disseminated cells in post-resection lavage samples showed a significantly poorer prognosis (hazard ratio, 6.2; 95% confidence interval, 1.9-19.6; P = 0.002), and this was independent of other risk factors. Conclusion: The markers used in this study identified a subgroup of early-stage patients at increased risk of relapse post-resection for primary colorectal cancer.This method may be considered as a new diagnostic tool to improve the staging and management of colorectal cancer.
Colorectal cancer remains a problem in terms of morbidity and mortality despite steady improvements in therapeutic regimens. Colorectal cancer is the second most common solid organ cancer in males and females in developed countries with an incidence worldwide of almost a million cases annually (1) . In Australia, the overall mortality rate at 5 years post-diagnosis remains at f58% (2) . Early detection of colorectal cancer is correlated with high survival rates as 90% of patients that are diagnosed with TNM stage I tumors are alive 5 years after the initial diagnosis, compared with a steady decrease in 5-year survival rates in later stages, down to 7% to 10% in stage IV patients (3) . Patients diagnosed with early-stage colorectal cancer (TNM stage I or II) undergo surgical tumor resection with curative intent, yet up to 30% of these patients suffer recurrent or metastatic disease within 5 years of surgery. This suggests that viable tumor cells with proliferative and perhaps metastatic potential had been shed from the primary tumor site either before removal of the tumor or during surgical resection. Such occult tumor cells are generally considered to be responsible for treatment failure in colorectal cancer patients (4) . Currently, the use of adjuvant chemotherapy (5-fluorouracil and leucovorin) is the standard of care for resected stage III colon cancer. Its use in stage II (node negative) patients, however, has been controversial because there has been no direct evidence from randomized controlled trials to support the routine use of adjuvant chemotherapy for patients with stage II colon cancer (5) . Hence, it is imperative that accurate staging of the disease is achieved so that appropriate treatment decisions can be made. In particular, the detection of occult disseminated tumor cells may identify early-stage patients at risk of developing recurrent or metastatic disease and who would benefit from adjuvant therapy post-resection of the primary tumor.
Here we used the technique of immunobead reverse transcription-PCR (RT-PCR; refs. 6, 7) to detect tumorassociated expression markers. The method uses magnetic beads coated with an epithelial-specific monoclonal antibody to isolate epithelial-derived tumor cells from blood or other samples, followed by RT-PCR. We have previously shown, using epithelial-specific markers cytokeratin (CK) 19, CK20, mucin 1, and mucin 2, that in stage III patients, epithelial cells detected in peripheral blood were predictive of shorter disease-free survival, suggesting that this technique has the potential to more accurately stratify patients into different prognostic groups. However, 4 of 34 patients with benign inflammatory bowel disease were also positive (8) , suggesting that a search for more appropriate tumor markers was warranted.
In this study, we selected a panel of five molecular markers for the RT-PCR analysis of the immunobead samples: CK20, carcinoembryonic antigen (CEA), EphB4, laminin-5 g2 chain (LAMg2), and matrilysin (MAT) or matrix metalloproteinase 7 (Table 1) . CK20 and CEA have been used by us and others as markers of colorectal tumor cells (8 -14) . Previously, using relative RT-PCR, we found EphB4 to be overexpressed by z2-fold in colon tumors compared with adjacent normal mucosa in 39 of 62 (63%) cases, suggesting it may be useful as a colon tumor marker (15) . Similarly, we found LAMg2 to be overexpressed in 40 of 50 (80%) colon tumors. 4 Using immunohistochemistry, LAMg2 overexpression was found to be a prognostic factor for poorer outcome in 103 cases of colorectal cancer (16) . MAT is unique among the matrix metalloproteinases as it is localized to epithelial tumor cells rather than to the stroma, making it a good candidate tumor marker (17) . This marker was shown to be overexpressed in 30 of 30 colon tumors compared with normal mucosa (18) .
The aims of this study were thus to use a panel of tumorassociated markers to determine the presence of disseminated colorectal tumor cells in peripheral blood and peritoneal lavage samples in early-stage colorectal cancer and to determine if detection of such cells was an independent prognostic variable for risk of recurrent or metastatic disease following curative resection for colorectal cancer.
Materials and Methods
Patients and controls. One hundred forty-six patients (80 males and 66 females) diagnosed with early-stage (TNM stage I or II) primary colorectal cancer were recruited into the study between January 1997 and June 2003. The median age was 74 years (range, 43-95 years) with 46 patients diagnosed as stage I and 100 as stage II. Patients with nonmalignant surgical colorectal disorders were used as negative controls to assess the tumor specificity of the candidate markers. This group consisted of 70 patients admitted for resection for inflammatory bowel disease (n = 42), diverticulitis (n = 20), and other nonmalignant bowel conditions (n = 8). As further negative controls for the panel of markers, peripheral blood samples from patients undergoing venesection for polycythemia vera were collected. Informed consent was obtained from all patients and the research protocol was approved by the institutional Ethics of Human Research Committee. The samples collected from surgical cases were (a) peripheral blood (20 mL) collected before surgery and again the morning after the surgical procedure, (b) NaCl (0.9% w/v) lavage samples (50 mL) aspirated from the tumor bed and the pelvic floor regions before manipulation of the bowel, and (c) after completion of the resection, further 50 mL NaCl lavage samples collected from the same regions. If the tumor was situated in the rectum, the samples were sourced from the pelvis, as was the case for benign controls. All peripheral blood and lavage samples were collected in dipotassium EDTA and processed within 2 hours. Cell lines used as positive controls. Colon cancer cell lines were used as positive controls for RT-PCR assessment of candidate marker expression and added to normal blood samples to monitor the sensitivity of immunobead RT-PCR. The LIM cell lines 1215, 1863, 1899, 2099, 2405, and 2412 were kindly provided by Dr. R. Whitehead (Ludwig Institute for Cancer Research, Melbourne, Australia); cell lines HT-29, SW48, SW480, and SW620 were purchased from the American Type Culture Collection (Rockville, MD). The cells were maintained in RPMI 1640 (Life Technologies, Grand Island, NY), pH 7.4, supplemented with 100 units/mL penicillin, 100 Ag/mL streptomycin, 200 Ag/mL L-glutamine, and 10% FCS (JRH Biosciences, Lenexa, KS), and cultured at 37jC and 5% CO 2 in air. For RT-PCR, RNA was extracted using Tri Reagent (Sigma, St. Louis, MO) according to the protocol of the manufacturer. As control cells for monitoring the sensitivity of immunobead isolation, 10-fold serial dilutions were prepared in normal blood.
Immunobead RT-PCR. Immunomagnetic beads (4 Â 10
6
; Dynabeads Epithelial Enrich, Dynal, Oslo, Norway) were added to whole blood or to the peritoneal lavage cell pellet resuspended in 10-mL sterile PBS (Dulbecco's modified). The tubes were mixed for 2 hours at 8jC and the bead-cell pellet isolated using a magnetic field. The supernatant was removed and the samples were washed twice in PBS, removing the tubes from the magnets and mixing each time before the bead cell pellet was isolated once more using a magnetic field. PCR primers were designed for each marker to cross intron-exon boundaries to avoid amplification of contaminating genomic DNA (Table 1) . Genomic DNA samples were checked by PCR with each set of primers to confirm that no products were amplified. PCR for each marker was done separately using the MasterCycler (Eppendorf, Hamburg, Germany). (Table 1) . Cycling times were 15 minutes at 95jC, 40 seconds at 95jC, 40 seconds at the annealing temperature for each set of primers (Table  1) , and 40 seconds extension at 74jC for 45 cycles, with a final extension cycle of 6 minutes at 74jC. The PCR-negative (no target) controls consisted of a 5-AL aliquot of RT master mix in PCR master mix and PCR master mix alone. The positive controls were samples of cell line cDNA known to express each marker. PCR products were run on a 1.5% agarose gel, transferred onto nylon membrane (Hybond N+, Amersham, Aylesbury, United Kingdom), and hybridized to a [ 32 P]ATP end-labeled internal oligo probe. Autoradiographs were exposed for 24 to 72 hours. As a quality control, the sensitivity of the immunobead RT-PCR technique was checked to ensure that PCR products from 10 tumor cell line cells added into a 10-mL blood sample were detectable following the protocol.
Sample size calculation. The expected sample size required for statistical significance was calculated to be 146 patients (49 A-stage and 97 B-stage patients; Stata statistical software, version 7.0, 2001). This calculation was based on a P value of 0.05, a power of 0.8, an expected proportion stage I/stage II of 1:2, an expected 5-year survival proportion of 0.9 for stage I and 0.67 for stage II, and a hazard ratio of 3.8 from our previous pilot study. 4 Statistical analysis. Clinical follow-up was obtained through the Cancer Registry database at this institution for the patients enrolled in the study. The database included disease stage based on histopathologic, radiologic, and clinical findings (TNM staging system), tumor differentiation, date and site of locoregional recurrence or distant secondary tumor, postoperative therapy, and date and cause of death. Univariate analysis of 10 variables (Table 2 ) was done using the product-limit method of and the log-rank test (20) . Deaths not due to colorectal cancer were treated as censored observations. The required significance was P < 0.05. Variables were included in a Cox proportional hazards model (21) to test for independent prognostic variables. Associations were tested using Fisher's exact test. Statistical analysis was done using SPSS version 11.0 and GraphPad Prism version 4.02 for Windows (GraphPad Software, San Diego, CA; http://www.graphpad.com).
Results
From the original cohort of 146 patients, 2 stage I and 16 stage II patients were excluded from the immunobead RT-PCR assay due to having received preoperative chemotherapy or radiotherapy, which may have affected tumor cell viability and RNA integrity. A further three patients were excluded from the survival analysis due to early death from postoperative complications at days 4, 16, and 20. Overall, there were 41 of 125 (32.8%) patients positive for one or more markers in at least one sample. This group was composed of 11 of 43 (26%) stage I and 30 of 82 (36.6%) stage II patients. Results for samples positive for individual markers in the various sample types (pre-and post-resection peripheral blood and lavage) are shown in Fig. 1 and Table 3A . MAT showed the highest frequency of detection, being positive in 26 colorectal cancer samples, followed by CEA in 20, CK20 in 7, EphB4 in 5, and LAMg2 in 4 samples. Four colorectal cancer patients were positive only for CK20, two only for EphB4, and two only for LAMg2. As a quality control measure, control cell line dilutions were also routinely tested and showed that the sensitivity of detection after autoradiography was at the level of 10 tumor cells per 10 mL of blood sample.
Ten variables were tested for their effect on survival outcome of the 125 patients in univariate analyses using the KaplanMeier method and log-rank test (Table 2) . Results showed that patients who were positive for markers in post-resection peritoneal lavage samples had a mean survival of 43.9 months compared with 80.5 months for patients who were negative (P < 0.0001; Fig. 2 ). The tumor stage (P = 0.02) and the site of the primary tumor (colon versus rectum; P = 0.01) also had a significant effect on event-free survival in univariate analysis (Table 2) . Further, the presence of disseminated markerpositive cells separated stage II patients into better or worse prognostic groups: Kaplan-Meier survival analysis for stage II patients showed a mean survival of 42.4 months for markerpositive patients compared with 78.0 months if marker negative (P < 0.0001).
A multivariate analysis was done (Cox proportional hazards regression model) to test whether being positive in postresection lavage samples was an independent prognostic factor for disease relapse. Using the backward likelihood ratio method, this factor was entered in the model with the other clinicopathologic variables of age, TNM stage, tumor site, tumor differentiation, postoperative adjuvant therapy, and gender. The Cox model showed that a positive marker result remained significant (hazard ratio, 6.2; 95% confidence interval, 1.9-19.6; P = 0.002) and was independent of the other risk factors as a prognostic marker of disease relapse. The log minus log plot of survival functions showed parallel curves, indicating that the regression analysis was valid.
Twenty-one patients, who were negative pre-resection, were positive post-resection. Ten of 21 (46.7%) relapsed postsurgery, 9 of 10 being positive for tumor markers in peritoneal lavage samples and 1 of 10 in peripheral blood; 5 patients developed distant metastases (median survival, 14.7 months; range, 4.9-31 months) and 5 developed local recurrences (median survival, 28.5 months; range 10.6-58.3 months).
Specificity of markers. Peripheral blood samples used as negative controls for the panel of candidate markers were analyzed by immunobead RT-PCR for each marker. Marker expression was not detected in 17 of 17 samples for CK20, in 47 of 47 for EphB4, in 57 of 57 for LAMg2, or in 57 of 57 for MAT. CEA was expressed in 2 of 41 samples. We found markerpositive samples in 12 of 70 (17.2%) patients having surgical resection for nonmalignant colorectal disorders (Table 3B) (Table 4 ). There were 6 cases of distant metastases and 9 cases of locoregional recurrences. A positive marker result predicted 5 of 6 of the metastases and 7 of 9 of the locoregional recurrences, giving an overall sensitivity for prediction of relapse of 80%.
Immunobead RT-PCR markers were positive in 29 of 125 (23%) patients who did not relapse within the follow-up period (median, 25.3 months; range 4.6-61.7 months), giving a specificity of 77%. Of the 29 cases, 18 were marker positive in post-resection lavage samples, 13 in pre-resection lavage, 4 in postoperative peripheral blood, and 2 in preoperative peripheral blood (8 cases were positive in 2 sample types). MAT was positive in 17 samples, CEA in 13, EphB4 and LAMg2 in 3, and CK20 in 1. Overall, the association of recurrence or metastasis with marker-positive results (12 of 41) compared with marker negative results (3 of 84) was significant (P < 0.001, Fisher's exact test).
Discussion
The aim of this study was to assess the suitability of the molecular markers CK20, CEA, EphB4, LAMg2, and MAT in identifying early-stage colorectal cancer patients at significant risk of developing recurrent or metastatic disease following curative resection of the primary tumor. We used the sensitive technique of immunobead RT-PCR to detect free markerpositive cells in peritoneal lavage fluid and peripheral blood in these patients both pre-and post-resection. Follow-up survival analysis has shown that the presence of such cells in postresection peritoneal lavage fluid was associated with significantly shorter disease-free survival (P < 0.0001), and in multivariate analysis, this variable was independent of tumor stage, site of primary tumor, and tumor differentiation as a prognostic indicator.
The question of whether patients who were marker positive in peritoneal lavage samples were more likely to suffer local recurrence than distant metastasis was addressed. In our study, 36 of 125 (29%) patients were marker positive in peritoneal lavage samples (tumor bed area and pelvic floor region). Kaplan-Meier analysis showed that patients who were positive for tumor markers in cells isolated from these samples were significantly more likely to relapse (P < 0.0001). However, there was no difference in the number of locoregional recurrences (5 patients) compared with distant metastases (5) (P = 0.3, Fisher's exact test). Surgical trauma to the peritoneal surface of the bowel and adjacent tissues may promote the lodgment and growth of free tumor cells. Healing wound Fig. 1 . Number of samples positive for each marker in colorectal cancer cases compared with benign control cases. X axis, numbers refer to sample type: 1, preoperative peripheral blood; 2, postoperative peripheral blood; 3, pre-resection lavage; 4, post-resection lavage. Table 3 . The number of samples positive for each marker in each sample type is shown surfaces are rich in growth factors and cytokines and, combined with the transient immunosuppression occurring as a result of surgery, may facilitate growth of seeded tumor cells (22) . Theoretically free tumor cells could also gain access to the bloodstream via damaged blood vessels before clot formation. Furthermore, release of proangiogenic factors by macrophages recruited to the wound site in the healing process may contribute to both the development of new tumor growth (23) and hematogenous spread (24) . Importantly, 21 patients, who were negative pre-resection, were positive post-resection, suggesting that tumor cells were shed as a result of surgical resection. Ten of 21 (47.6%) relapsed post-surgery with 9 of 10 positive for tumor markers in peritoneal lavage samples and 1 of 10 in peripheral blood. Several other studies have used cytology to identify free colorectal tumor cells in the peritoneal cavity. One such study found positive cytology for colorectal cancer cells in imprints of the peritoneal surface in 9.25% of cases (all stages) and this was correlated with death from disease in univariate (P = 0.008) and multivariate (P < 0.001) analyses (25) . Vogel et al. (26) showed that 35.5% (32 of 90) of patients with colon cancer had positive cytology in peritoneal lavage samples. This was significantly associated with depth of invasion of the tumor and presence of metastases but not with unfavorable prognosis. In another study, positive cytology was found in 14 of 140 (10%) of patients undergoing curative resection, with all 14 patients developing local recurrences (27) .
We found that more patients were marker positive in peritoneal lavage samples (36 (29) , although the majority of these cells either undergo apoptosis (30) or remain dormant, sometimes for many years (31) . Perhaps the use of multiple blood samples at different time points would improve the detection rate (32) .
As there are no known tumor-specific markers for colorectal cancer, a panel of five markers that have been shown to be up-regulated in colonic epithelial tumors was used for RT-PCR analysis of the immunobead samples. Use of the immunobead technique for the prior isolation of epithelial cells has two advantages over RT-PCR using RNA from whole samples: first, the possibility of detecting free mRNA that may be present in the plasma or attached to blood cells of some cancer patients is avoided (33) ; second, the possibility of detecting ''illegitimate'' transcription from other cells (34) is substantially reduced. The tumor specificity of the CEA marker has been shown to improve when used in the immunobead RT-PCR method (12, 35) compared with the use of RNA from density gradientseparated blood cells in RT-PCR (9) . As different molecular markers were expressed at different levels in any individual tumor, a panel of markers that we found to be overexpressed in most tumors was used to minimize the possibility of falsenegative results. There were 12 of 70 patients with nonmalignant disorders of the large bowel who were marker positive. A feature of inflammatory conditions, such as Crohn's disease and ulcerative colitis, is that they not only involve the process of shedding of epithelial cells, but the presence of inflammatory cytokines may be responsible for inducing much higher expression of cytokeratins and CEA in epithelial cells similar to the induction of CK19 and CEA expression in hematopoietic cells (36) .
The development of tumor markers with greater tumor specificity is thus an ongoing aim to reduce the incidence of false positive results.
In conclusion, we have shown that for a subgroup of patients with stage I and II colorectal cancer, detection of markerpositive cells by immunobead RT-PCR in samples of peritoneal lavage fluid taken during laparotomy was a significant risk factor for reduced survival post curative resection. This risk factor was independent of the established prognostic factors of tumor stage and site of primary tumor and may be useful in determining patients who would benefit from adjuvant chemotherapy.
